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Scale-similar models employ multiple filtering operations to identify the smallest resolved scales, which have been shown to be the most active in the interaction with the unresolved subgrid scales.
They do not assume that the principal axes of the strain-rate tensor are aligned with those of the subgrid-scale stress (SGS) tensor, and allow the explicit calculation of the SGS energy. They can provide backscatter in a numerically stable and physically realistic manner, and predict SGS stresses in regions that are well correlated with the locations where large Reynolds stress occurs. In this paper, eddy viscosity and mixed models, which include an eddy-viscosity part as well as a scale-similar contribution, are applied to the simulation of two flows, a high Reynolds number plane channel flow, and a three-dimensional, nonequilibrium flow. The results show that simulations without models or with the Smagorinsky model are unable to predict nonequilibrium effects.
Dynamic models provide an improvement of the results: the adjustment of the coefficient results in more accurate prediction of the perturbation from equilibrium. The Lagrangian-ensemble approach [Meneveau et al., J. Fluid Mech. 319, 353 (1996) ] is found to be very beneficial. Models that included a scale-similar term and a dissipative one, as well as the Lagrangian ensemble averaging,
I. INTRODUCTION
In the large-eddy simulation (LES) approach all flow variables are decomposed into a resolved, large-scale, component, and an unresolved part due to small scales, which is modeled. Governing equations for the large-scale variables can be derived by the application of a spatial filter (denoted by an overbar) of characteristic width _ to the continuity and Navier-Stokes equations. The effect of the small scales upon the resolved part of turbulence appears in the subgrid-scale (SGS) stresses. The success of the LES approach depends to a large extent on the accurate representation of this term. Since the small scales tend to be more homogeneous and isotropic than the large ones, they can be modeled using simpler parameterizations than their counterparts in the Reynolds-averaged Navier-Stokes (RANS) equations; furthermore, since the resolved scales are responsible for a significant proportion of the Reynolds stresses, modeling errors should not be as significant. For these reasons, and also to avoid increasing the cost of the calculations, eddy-viscosity type models I are used for the parameterization of the SGS stresses.
Although these models were found to give a poor prediction of the SGS stresses on a local level, 2"3 they predict the global dissipation fairly accurately; this may be one reason for their success and widespread use. Many of the deficiencies of eddy-viscosity models (incorrect limiting behavior near solid boundaries, nonvanishing eddy-viscosity in =_Author to whom correspondence should be addressed. Telephone: Two fundamental drawbacks of these models, however, cannot be easily corrected: Their purely dissipative character, and the assumption that the principal axes of the strain-rate and SGS stress tensors are aligned.
While, on average, the small scales drain energy from the large ones, reversed energy transfer (backscatter) is known to occur locally, and be significant, even in equilibrium flows. Theoretical 9 arguments, as well as numerical m and experimental II studies, have shown that the net energy transfer is given by the difference of two terms, forward and backward scatter, and that each is much larger than their difference. Algebraic eddy-viscosity models cannot account for backscatter, since the negative eddy viscosity required to yield a negative energy transfer results in numerical instability in the form of exponentially growing components of the solution. Physically, one would expect backscatter to deplete the energy available to the subgrid scales, and reduce the magnitude of the eddy viscosity to zero on a time scale characteristic of the small scales, rapidly re-establishing the equi- In the following, mixed models and ways to evaluate the model coefficients will be presented. Then, numerical results will be discussed. Finally, some conclusions will be drawn.
II. PROBLEM FORMULATION

A. Governing equations and boundary conditions
In LES the filtered and SGS quantities are defined as causes the streaks to be reoriented at an angle to the x axis.
To resolve these structures, which are no longer aligned in the streamwise direction, a higher streamwise resolution is required.
III. SUBGRID STRESS MODELS
A. Eddy viscosity, scale-similar, and mixed models
Eddy-viscosity models parameterize the SGS stresses as
in which (Sij is Kronecker's delta and ]SI = (2Si)Sij) 112is the magnitude of the large-scale strain-rate tensor
Lilly 3°determined the value of the coefficient Cev by assuming that the small scales are in equilibrium, and obtained
C_o --0.032. C_o can also be evaluated dynamically 7's (see below .... (ujufl, u; uj--u; uj = ( u,-t_i) 
to yield a model of the form
where C_., is a model coefficient that must be set to one to recover Galilean invariance. 31
The scale-similar model (3.5) was found to be insufficiently dissipative; therefore, it was combined with an eddyviscosity dissipative component to yield 
where C,,. is a coefficient of order one.It An eddy viscosity term can be added the scale-similar model (3.7) to yield
B. Dynamic coefficient adjustment
Dynamic adjustments of the model coefficient has been shown to be extremely beneficial: The models become more sensitive to the local state of the flow, resulting in more accurate prediction of transition or re-laminarization, better near-wall behavior, and altogether more accurate results than models in which the coefficients are specified a priori. For this reason several of the models described in the previous section have been implemented dynamically.
Dynamic adjustment of the model coefficients is based on the identity 32
which relates the resolved turbulent stresses Eq, the subgrid- In this case the least-squares minimization procedure gives
where Nij= Bij-Aij. An analogous method can be used in the case of two model coefficients:
Let
The error is
C. Ensemble averaging
It remains to determine the ensemble-averaging operator (. 
where a superscript n denotes the time step, and
If the weight function is chosen to be 
where H is the ramp function, the evaluation of the integrals at x-u_At can be performed by linear interpolation, and furthermore, present applications of LES to complex flows are bound to use finite-difference and finite-volume techniques, for which discrete filters similar to the top-hat filter are the natural choice.
B. Two-dimensional channel flow
The parameters of the 2D channel flow calculations were summarized in Table I . The wall stress obtained with the various models, at both Reynolds numbers examined, is reported in Table II . The most accurate prediction of the wall stress is obtained with the one-coefficient Lagrangian mixed model (LM1). The prediction of the wall stress is extremely sensitive to the SGS model used and, especially, to the spanwise grid resolution. In the present calculations the grid size ter is barely sufficient to resolve the streaks, and some error in the prediction of the wall stress should be expected. Even when the Fourier cutoff filter is used, in fact, the wall stress is underpredicted by 5%; use of the tophat filter, as shown in . 
